Background
==========

Protein tyrosine kinases (TKs) play a crucial role in signal transduction pathways regulating numerous cellular functions, including differentiation and proliferation. Dysregulation may lead to increased cellular proliferation and differentiation. Chronic myeloid leukemia (CML) is caused by the constitutively up-regulated TK BCR-ABL1 resulting from the reciprocal balanced chromosomal translocation t(9;22), the so-called Philadelphia chromosome (Ph+) \[[@b1-medscimonitbasicres-19-274]\]. Targeting BCR-ABL1 for treatment of CML has led to the development of the specific TK inhibitor (TKI) imatinib (Gleevec^®^, Novartis, Basel, Switzerland), which remarkably improved therapeutic response of Ph+ CML in adults and children \[[@b1-medscimonitbasicres-19-274],[@b2-medscimonitbasicres-19-274]\]. However, development of imatinib resistance or intolerance promoted further development of second- and also third-generation TKIs like bosutinib (SKI-606, Pfizer, New York, USA). Bosutinib functions as a dual inhibitor of the TKs Src and Abl1 and has demonstrated promising results in CML patients with resistance or intolerance to imatinib in clinical trials \[[@b3-medscimonitbasicres-19-274]--[@b5-medscimonitbasicres-19-274]\].

During recent years, a growing number of reports have shown disturbances in bone metabolism as an adverse effect of imatinib treatment \[[@b6-medscimonitbasicres-19-274],[@b7-medscimonitbasicres-19-274]\]. Pediatric CML patients under imatinib treatment experienced growth retardation \[[@b8-medscimonitbasicres-19-274]--[@b11-medscimonitbasicres-19-274]\] and studies on adverse effects of bosutinib *in vivo* and *in vitro* on the growing skeleton have not yet been performed. Therefore, we analyzed the influence of bosutinib on bone growth and structure in a juvenile rodent model. The drug was continuously released subcutaneously via micro-osmotic pumps.

Material and Methods
====================

Animals and experimental design
-------------------------------

Over a period of 28 days, 2 groups of 4-week-old juvenile male Wistar rats (Elevage Janvier, Le Genest St. Isle, France) were chronically exposed to targeted bosutinib mean doses of 2.5 mg/kg/day or 5.0 mg/kg/day (each group, n=4 animals) administered continuously by the use of subcutaneously implanted Alzet^®^ micro-osmotic pumps (200 μL total volume, model 2002, Charles River Laboratories, Sulzfeld, Germany). Controls received vehicle, either 100% DMSO or 0.9% sterile saline (each group, n=4). Filling and preparation of micro-osmotic pumps for implantation was done as described by the manufacturer. Pumping rate was 0.5 μl/h and pumping duration was 14 days. To ensure continuous exposure during the 28-day period, 2 micro-osmotic pumps were consecutively implanted: the first pump on the right and after 14 days the second micro-osmotic pump on the left dorsal skin of an individual rat under general anesthesia. Following implantations, a single dose of prophylactic antibiotic treatment (Duphamox^®^ L.A., Fort Dodge Animal Health Ltd., Würselen, Germany, 15 mg/kg body weight) was administered subcutaneously. Due to physiological rapid body weight gain during the experiment, the drug concentration within the pumps was adjusted: to achieve a mean targeted concentration of 5.0 mg/kg/day, bosutinib was dissolved in DMSO at a concentration of 60 μg/μl for the first micro-osmotic pump implantation and at a concentration of 88 μg/μl for the second pump implantation. To achieve the targeted bosutinib concentration of close to 2.5 mg/kg/day, these solutions were diluted 1:1 with DMSO. Juvenile rats were kept under standardized conditions at 21°C room temperature and 12 h/day light (06:00--18:00) with free access to food and water until the end of the experiment (age 8 weeks) when the animals were humanely killed. During exposure, the animals' behavior and weight gain were monitored Monday through Friday. All experiments were carried out in accordance with the Institutional Animal Care and Use Guidelines and were approved by the authorities of the Government of Saxony (permit number 24-9168.11-1/2009-16).

Determination of bosutinib serum levels
---------------------------------------

At 8 weeks of age, animals were sacrificed under general anesthesia and serum was collected via cardiocentesis. Drug serum levels were measured by a commercial supplier (PharmaNet, Princeton, NJ, USA).

Osseous specimen collection and measurement of bone length
----------------------------------------------------------

Femora and tibiae were excised, defleshed and fixed in 70% ethanol for analysis. Length of femur and tibiae were determined with a Merox^®^ digital caliper (precision of 0.01 mm, Warenimport und Handels GmbH, Vienna, Austria).

Results
=======

Consequences of micro-osmotic pump implantation
-----------------------------------------------

Following the surgical procedure of pump implantation, a temporary delay in body weight gain was observed. [Figure 1A](#f1-medscimonitbasicres-19-274){ref-type="fig"} illustrates the time points of Alzet^®^ micro-osmotic pump implantation (black arrows) and weight gain of controls and drug-exposed rats. Following the first implantation, physiological body weight increase stopped for 2 days. After the second implantation all animals exhibited a loss of weight of up to 8.0±0.7% but regained the lost weight by 3 days post-implantation. However, during this experiment, 4 out of the total cohort of 16 animals died from peritonitis, despite prophylactic and repeated antibiotic treatment. These infections happened in 2 control animals treated with vehicle (0.9% saline) at Day 7 and Day 14 after pump implantation and in another 2 animals who died at Day 2 and Day 24 after pump implantation filled with bosutinib. These infections occurred despite precautions to minimize the infectious risk by performing all steps (preparation of bosutinib stock solution, filling/precalibration of Alzet^®^ micro-osmotic pumps, and the surgical procedure) under sterile conditions. Aside from these 4 premature losses of animals, no additional adverse effects were observed in the remaining 12 rats, and the pumps as well as the drug and vehicles were well tolerated.

Bosutinib serum levels
----------------------

Based on the fixed pump rate of 0.5 μl/h and the fixed bosutinib concentration in the micro-osmotic pumps, a calculation of the daily drug dose per kg body weight applied was performed for the growing animals. Results plotted against time are shown in [Figure 1B](#f1-medscimonitbasicres-19-274){ref-type="fig"}. At the end of the exposure time, the micro-osmotic pumps were completely emptied, revealing total release of the drug. The plasma elimination half-life of bosutinib in rats is reported to be in the range of 3.0--3.7 h after oral or intravenous administration \[[@b17-medscimonitbasicres-19-274]\].

Thus, when the animals were killed during the late morning hours of Day 29 (when probably 3--4 half-life times had passed after the pumps were exhausted), the blood still had measurable drug levels. Animals receiving target bosutinib doses of 2.5 mg/kg/day and 5.0 mg/kg/day exhibited mean bosutinib serum levels of 1.37±0.32 ng/ml and 2.79±0.78 ng/ml, respectively.

Bone length
-----------

No differences in bone lengths could be observed in controls receiving either 100% DMSO or 0.9% sterile saline; therefore, these data were pooled for statistical analysis using Prism software for Windows, version 5.04 (GraphPad Software, Inc., La Jolla, CA, USA). Due to the small number of animals, bone lengths were analyzed using the Kruskal-Wallis test to determine significance between bosutinib-treated groups and pooled control groups.

Bone length was not affected in animals receiving the lower dose of bosutinib and even showed a tendency to be increased ([Figure 2A, 2B](#f2-medscimonitbasicres-19-274){ref-type="fig"}). The higher targeted bosutinib dose of 5.0 mg/kg/day resulted in a non-significant tendency of reduced femoral and tibial bone length (p=0.09).

Discussion
==========

To maintain its quality, bone is continuously remodeled during the lifetime. The long-term consequences of TKI treatment in growing humans on bone metabolism are still unclear. Previously, in a juvenile growing rat model, we demonstrated that TKIs, like imatinib and dasatinib, reduce bone length and trabecular bone mineral density \[[@b18-medscimonitbasicres-19-274]\]. Contrasting these observations with first- and second-generation TKIs, we here show that the third-generation TKI, bosutinib, exerts only minor effects on growing bone. Until now, *in vivo* data on the influence of bosutinib on the growing bones in children has not been available. Clinical phase III trials are focusing on the efficacy and safety of bosutinib in comparison to imatinib in newly diagnosed adult patients with Ph+ leukemia \[[@b19-medscimonitbasicres-19-274]\].

Micro-osmotic pumps have the advantage of continuous release of a drug due to the constant pumping rate, but the disadvantage of continuous decline in the daily drug dose exposure ratio (expressed as dose per kg body weight per day) in rapidly growing, body weight gaining juvenile animals. During the 28-day duration of the experiment, the average body weight of a rat increased more than 3-fold (from 100--150 g at age 4 weeks to 250--310 g at age 8 weeks, see [Figure 1A](#f1-medscimonitbasicres-19-274){ref-type="fig"}). With regard to the expected increasing body weight, we calculated a daily bosutinib dose in such a way that at the start of the experiment approximately 150% of the targeted daily dose was administered. This targeted daily dose was calculated on a body weight of 130 g (at 5 weeks of age) for the drug's concentration in the first pump and 220 g (at 7 weeks of age) in the second pump. Because the pumps delivered a constant dose over time, the resulting dose per kg body weight continuously declined in such a way that the targeted daily dose was achieved at the middle of the implantation period after 1 week, but only 50% was administered by the end of the implantation in the second week ([Figure 1B](#f1-medscimonitbasicres-19-274){ref-type="fig"}). However, drug administration via micro-osmotic pumps depends on the concentration of the drug solution within the pump, which is only limited by its solubility in the vehicle and was uncomplicated because the solubility of bosutinib is \>50 mg/ml in 100% DMSO. Furthermore, contrasting the manufacturer's instructions recommending a maximum concentration of 50% DMSO for vehicle in Alzet micro-osmotic pumps, we could show that these pumps also tolerate and work reliably with 100% DMSO as vehicle.

Long-term oral administration of a fixed drug dose based on body weight is a specific problem in pediatrics during rapid growth of neonates and infants. Liquid formulations like syrups allow correct dosing if available, and tablets may be divided and the dose is adjusted to the nearest size of the smallest tablet. For a body weight adjusted and continuous drug exposure over prolonged period in juvenile rats, daily subcutaneous or intraperitoneal injections would be the most exact method; however, repeated injection may be associated with increased losses of the animals because of associated injures or infections. Also these procedures would require working hours of research staff members on weekends. The same holds true for daily oral drug application by gavage in young animals. Young, still-growing rats are very sensitive to stress and to pharyngeal or esophageal injuries caused by gavage. It remains to be shown whether this risk can be compensated for by experienced staff who are specially trained on performing gavage in young animals.

Subcutaneous implantation of micro-osmotic pumps is expensive and requires skilful technique for implantation of the device under general anesthesia, but it circumvents the problem of manipulating the animals daily. The fact that 4 animals died from peritoneal infections (none of which were localized subcutaneously where the pump was implanted) points to the necessary sterile requirements, but also stresses that young animals are especially prone to infectious complications. However, micro-osmotic pumps represent an attractive alternative for continuous release of the drug in still-growing animals.

Bosutinib serum levels determined 30 min after a single-bolus intravenous administration of 2 mg/kg and 5 mg/kg bosutinib are reported to be in the range of 330±57 ng/mL and 554±62 ng/mL, respectively \[[@b25-medscimonitbasicres-19-274],[@b26-medscimonitbasicres-19-274]\]. In contrast, the serum levels we achieved after continuous subcutaneous were almost 200 times lower, but turned out to be 2 times higher than after oral administration of 10 mg/kg/day bosutinib, reported to be maximally 1.23 ng/mL \[[@b26-medscimonitbasicres-19-274]\]. As discussed above, juvenile rats triple their body weight during the time period of micro-osmotic exposure, leading to a relative TKI overdose during the first week after pump implantation, followed by relative underdosage. Because the serum was collected at the end of the experiment after the period of underdosage of bosutinib and when the pumps were empty, the levels represent just the serum concentration during the wash-out period after 3--4 half-life times had passed.

Conclusions
===========

Until now, therapy with TKI in humans has usually been lifelong therapy, leading to different judgments on long-term adverse effects from the viewpoints of either a pediatric or older adult patient with CML. Since pediatric patients with CML may experience growth retardation under imatinib treatment, bosutinib may offer a new therapeutic option, avoiding this adverse effect on the growing bone. However, the chosen exposure time frame of 28 days in this juvenile rat model, spanning the period from end of weaning until late puberty, does not reflect a lifelong TKI therapy scheme as envisaged in pediatric patients. Clearly, further research is needed to assess the influence of bosutinib on growing bone during prolonged exposure by more precisely evaluating this adverse effect for pediatric patients in the clinical setting.
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![(**A**) Body weight gain of juvenile rats and (**B**) calculated daily administered bosutinib doses during chronic exposure via subcutaneously implanted micro-osmotic pumps (Mean ± standard deviation). Black arrows indicate the points of time when the first and second pump of 2 consecutively implanted pumps were implanted. Bosutinib doses were calculated based on the fixed concentrations of bosutinib dissolved in DMSO in the micro-osmotic pumps, the fixed constant pumping rate, and the measured body weights of the growing animals. (pooled controls: ○; bosutinib target concentration: ▼ 2.5 mg/kg/day; △ 5.0 mg/kg/day)](medscimonitbasicres-19-274-g001){#f1-medscimonitbasicres-19-274}

![Length of the (**A**) femur, and (**B**) tibia. Bone length was determined using Merox^®^ digital caliper with a precision of 0.01 mm. Measured data are presented as floating bars showing the minimum, maximum, and mean.](medscimonitbasicres-19-274-g002){#f2-medscimonitbasicres-19-274}
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